Layered lithium transition metal oxides face two intrinsic problems of (1) oxygen evolution at high potentials or high temperatures and (2) the presence of alkaline Li residual compounds, to which nearly all known concerns with this class of cathode materials can be attributed. By selecting LiNi 0.80 Co 0.10 Mn 0.10 O 2 (NCM811) as an example, here we dissolve small amount of elemental sulfur into the cathode slurry, finding that sulfur provides two beneficial functions in improving the electrochemical performance of NCM811 cathode. In the slurry-making process, sulfur reduces Ni 3+ ions to produce a protective NiO layer and Li 2 S 2 O 3 . In the initial charging process, the resultant Li 2 S 2 O 3 is electrochemically oxidized to Li 2 SO 4 , and meanwhile the Li residual compounds on the particle surface are removed. It is found that adding 0.25∼0.50 wt% (vs. NCM811) sulfur into the cathode slurry significantly enhances rate capability of Li/NCM811 cells although improvement on capacity retention is not visible. Impedance analysis explains that the enhanced rate capability is attributed to considerable reduction in both of the surface layer resistance and charge-transfer resistance. The results of this work indicate that sulfur additive provides a simple and practically feasible strategy for improving performances of the layered cathode materials. Layered lithium transition metal oxides have been intensively studied as the cathode material of high energy density Li-ion batteries due to their high capacity and low cost.
Layered lithium transition metal oxides have been intensively studied as the cathode material of high energy density Li-ion batteries due to their high capacity and low cost. [1] [2] [3] However, this class of cathode materials suffer two intrinsic problems of (1) oxygen evolution at high potentials or high temperatures and (2) inevitable presence of strongly alkaline Li residual compounds, mainly Li 2 O, LiOH, and Li 2 CO 3 . 4 Nearly all performance degradations of the Li-ion batteries with layered cathode materials can be ultimately attributed to the above two intrinsic problems, such as irreversible phase transition from hexagonal through cubic to rocksalt structure, [5] [6] [7] mechanical crack of the secondary particle structure, [8] [9] [10] electrolyte depletion that is often accompanied by impedance increase and volumetric swelling of the batteries, 11, 12 as well as gelation of cathode slurry in the slurry-making process. 13, 14 For the Ni-rich layered cathode materials, a number of strategies have been explored to overcome the issues in relation to the oxygen evolution, such as cation doping for stabilizing the material's lattice structure, [15] [16] [17] surface coating for protecting cathode particles from parasitic reactions with the electrolyte components, [18] [19] [20] [21] [22] [23] [24] synthesizing concentration-gradient 25 or core-shell 26, 27 materials with high Ni content core for stabilizing the material's surface chemistry, as well as using electrolyte 28 or cathode 29 additives for chemically trapping the released oxygen. Of particular interest, Yang et al. 30 reported that pre-cycling Li/LiNi 0.80 Co 0.10 Mn 0.10 O 2 (NCM811) cells to 4.5 V for several cycles can in-situ produce a nano-thickness cubic phase NiO layer on the surface of NCM811 particles, which consequently protects electrolyte solvents from oxidative decomposition and hence extends the cells' cycle life. This can be considered to be the simplest and most practically viable strategy, reported up to date, for improving performances of the NCM811 cathode materials.
With respect to the surface Li residual compounds, a simple washing process in water followed by a heating treatment has shown to be very effective in removing the water-soluble Li residues. 31, 32 Alternatively, the strongly akaline Li residual compounds can be converted to moderately alkaline Li 3 PO 4 by treating the layered cathode materials with controlled amount of acidic H 3 PO 4 33 or (NH 4 ) 2 HPO 4 18,34 in an alcohol solution. In most cases, surface coating 19, 24, 35 and removing the surface Li residual compounds 18, [31] [32] [33] [34] are shown not only to stabilize capacity retention but also to enhance rate capability of the layered cathode materials. Without exceptions, however, all the above strategies require additional precipitating (or washing) and heating processes, which adds extra cost for the battery manufacture.
Without affecting the anode, electrolyte, and the procedure of battery manufacture, cathode additive is considered to be a more practically feasible means for improving performances of the layered cathode materials. In this effort, 36 we recently dissolved small amount of LiPF 6 into cathode slurry in the coating process, finding that the LiPF 6 additive readily reacts with surface Li residual compounds to form a LiF-rich LiF-Li 3 PO 4 surface layer, which consequently improves cycling stability and rate capability of the Li/NCM811 cells. Inspired by this success, we here propose dissolving small amount of elemental sulfur into the cathode slurry by assuming that sulfur is able to provide the following two functions in affecting the performances of NCM811 cathode. In the coating process sulfur reduces Ni 3+ ions on the NCM811 particle surface to form a NiO/Li 2 S 2 O 3 surface layer, and in the initial charging process the resultant Li 2 S 2 O 3 is electrochemically oxidized to stable Li 2 SO 4 , and meanwhile strongly alkaline Li 2 O and Li 2 CO 3 residues are removed from the cathode particle surface. By adding 0.25∼0.50 wt% (vs. the mass of NCM811) sulfur into the cathode slurry, we found that the rate capability of Li/NCM811 cells was significantly improved although improvement on the capacity retention is not visible. In this paper, we demonstrate the effect of elemental sulfur on the electrochemical property of NCM811 cathode material, and discuss the mechanism of sulfur additive in affecting performance of the NCM811 cathode material.
Experimental
NCM811 powder was purchased from MTI Corporation (Richmond, CA) and baked at 150
• C in a vacuum oven for 2 h. A solution of 1.0 mol kg −1 LiPF 6 dissolved in a 3:7 (wt) blend of ethylene carbonate and ethyl methyl carbonate was used as the electrolyte. For sulfur treatment, a 0.50 wt% sulfur solution in N-methyl pyrrolidinone (NMP) was prepared as the sulfur source, and pure NMP was used as the additional solvent. Using calculated amounts of 0.50% sulfur solution and NMP solvent, a 0.50% S-treated NCM811 sample was prepared for structural characterizations by violently shaking an NCM811-S-NMP suspension on a 5100 Mixer Mill (SPEX CertiPrep) for 75 min, followed by filtering and drying the solid at 120
• C under vacuum for 10 h. For comparison, the pristine sample was prepared using the same procedure without sulfur. X-ray powder diffraction (XRD) patterns of the samples were acquired by a D8 advance X-ray diffractometer (Bruker, USA). Morphology and elemental maps of the samples were observed and acquired by an SU-70 field-emission scanning electron microscope (SEM, Hitachi, Japan). X-ray photoelectron spectroscopy (XPS) data of the samples were collected and analyzed by an AXIS 165 spectrometer (Kratos Analytical Ltd, UK) with the binding energy calibrated to 284.8 eV of the C 1s peak.
By adjusting the amounts of 0.50% sulfur solution and NMP solvent, the cathodes without and with sulfur were coated onto an aluminum foil in the composition of 80% NCM811, 10% Super-P carbon, and 10% PVDF. Resultant cathode sheets were punched into circular disks with a 1.27 cm 2 area, and dried at 120
• C under vacuum for 10 h. On average, the loading of NCM811 was 8.2∼8.5 mg cm −2 . Using Celgard 2400 membrane as the separator, Li/NCM811 coin cells were assembled and cycled on a Maccor Series 4000 tester. In all cells a fixed 40 μL electrolyte was filled, and before testing the cells were formed at 0.1C between 3.0 V and 4.5 V for two cycles. The cells were cycled at 0.5C by charging to a pre-set cutoff voltage and then holding at the cutoff voltage until the current declined to 0.1C. To determine rate capability, the cells were discharged either galvanostatically at specific rates to 2.8 V or potentostatically at a specific voltage for 1 h. The 1 C-rate was referenced to a current of 200 mA g −1
NCM811
.
AC-impedance of the Li/NCM811 cells was measured at 20
• C using a Solartron SI 1287 Electrochemical Interface combined with a Solartron SI 1260 Impedance/Gain-Phase Analyzer. Stable measuring point was obtained by charging the cell at 0.1C to 4.3 V for the charged state and discharging the cell at 0.1C to 3.0 V for the discharged state, followed by a 1 h rest at open-circuit voltage (OCV). The impedance was measured at OCV with a 10 mV perturbation in frequency range from 100,000 Hz to 0.01 Hz. The acquired impedance spectra were analyzed using a CorrView software.
Results and Discussion
Role of sulfur additive in Li-ion battery.-Ni, Co, Mn in NCM811 are present in forms of Ni 3+ /Ni 2+ , Co 3+ , and Mn 4+ ions. [1] [2] [3] When coming into contact with the sulfur dissolved in cathode slurry, NCM811 can easily oxidize the dissolved sulfur to insoluble Li 2 S 2 O 3 , while the transition metal ions are reduced to rocksalt phase MO (M = Ni, Co, or Mn) through a "solid-solution" two-phase reaction (Eq. 1), as evidenced by the XPS results (to be discussed later).
In the same manner as reported by Yang et al., 30 the resulting rocksalt phase MO can serve as a barrier to protect inner NMC811 from parasitic reactions with the electrolyte solvents. In the initial charging process (often called as "formation" in the Li-ion battery community), the Li 2 S 2 O 3 formed in Eq. 1 can be electrochemically oxidized to Li 2 SO 4 , and meanwhile the surface Li 2 O and Li 2 CO 3 residual compounds are removed as indicated by Eq. 2 and Eq. 3, respectively, leading to overall reactions of Eq. 4 and Eq. 5. The resultant CO 2 can be released together with other gases formed in the formation process of Li-ion batteries.
As indicated by the overall reactions of Eq. 4 and Eq. 5, sulfur additive on one hand reduces LiMO 2 to form a MO protective layer on the surface of NCM811 particles and on the other hand removes Li 2 O and Li 2 CO 3 residual compounds from the surface of NMC811 particles. The electrochemically stable Li 2 SO 4 may be either coated onto the surface of NMC811 particles or presented as alone, and Structural characteristic of S-treated NCM811.-XRD patterns of the pristine and 0.5% S-treated samples are shown in Fig. 1 , from which no difference can be observed except that both show characteristic diffraction peaks of the layered lithium transition metal oxides as indexed in the figure. [1] [2] [3] This means that sulfur treatment does not change crystalline structure of the NCM811 material, and that the amounts of MO, Li 2 S 2 O 3 , and Li 2 O produced by the sulfur treatment are too small to be detected by the XRD technique. Figs. 2a∼2d show SEM images of the pristine and 0.50% S-treated samples. In low magnification ( Fig. 2a and Fig. 2c) , there are no obvious differences in the morphology between two samples, both of which show a spherical agglomerate secondary structure that is assembled by numerous small primary particles. In high magnification (Fig. 2b and Fig. 2d ), one sees that the surfaces of 0.50% S-treated sample are somewhat uneven, whereas those of the pristine sample are very smooth. As indicated by the small arrows in Fig. 2d , surfaces of the 0.50% S-treated NCM811 are partially etched, suggesting the reaction take place between sulfur and NCM811. In particular, Fig. 2e shows EDS mapping of a 0.50% S-treated NCM811 particle. It can be seen that the map of sulfur is well coincident with those of other elements and SEM. The above observations reveal that Li 2 S 2 O 3 formed by Eq. 1 is homogenously coated onto the surface of NMC811 particles, other than stayed alone in the intergranular spaces.
The surface chemistry of 0.50% S-treated NMC811 was characterized using XPS, and the S 2p and Ni 2p 3/2 spectra are shown in Fig. 3 . In the S 2p spectrum (Fig. 3a) 2− ions. According to the area of each peak, atomic percentages of these three types of sulfur are determined to be respectively 18.3%, 18.3%, and 63.4%. The Ni 2p 3/2 spectrum (Fig. 3b) shows a main peak around 854.4 eV, which can be split into two peaks at 854.2 eV for Ni 2+ ions and at 855.8 eV for Ni 3+ ions, respectively. 30, [39] [40] [41] [42] [43] According to the area of these two peaks, the atomic percentages of Ni 2+ and Ni 3+ ions are evaluated to be nearly equal (∼50%). Typically, the XPS probes ∼10 nm depth surfaces, 44 and atomic percentage of the Ni 2+ ions in pristine NCM811 materials is in a 27∼28% range. 30 (∼50%) detected in the 0.50% S-treated sample suggests that significant amount of Ni 3+ ions on the NCM811 particle surface had been reduced to rocksalt phase NiO by the sulfur additive, as proposed by Eq. 1.
Electrochemical property.-Effect of sulfur additive on the electrochemical properties of NCM811 material was first evaluated using cyclic voltammetry, and results of the initial two cycles are displayed in Fig. 4 . While the CV profiles are very similar, obvious differences in the redox potential can be found between the pristine and S-treated samples. In the first cycle (red color), oxidation current peak potentials for the hexagonal-monoclinic (H1-M) phase transition 45, 46 are 4.05 V, 3.95 V, and 4.02 V for the pristine, 0.25% S-treated, and 0.50% S-treated sample, respectively. In the second cycle (blue color), these potentials are changed to 3.87, 3.78, and 3.79 V with the corresponding reduction current peak potentials equaling to 3.650, 3.672, and 3.701 V for the pristine, 0.25% S-treated, and 0.50% S-treated sample, respectively. The above results indicate that sulfur additive is able to reduce polarization of the charging and discharging processes of Li/NCM811 cells.
Cycling performance of the Li/NCM811 cells was evaluated by charging and discharging at 0.5C in two voltage ranges of 3.0-4.3 V and 3.0-4.5 V, respectively (Fig. 5) . The sulfur additive appears not to improve capacity retention although it reduces polarization of the charging and discharging processes. In both cases, capacities of three cells with the pristine and S-treated NCM811 are fluctuated within the error ranges. When cycled in the 3.0-4.3 V range (Fig. 5a ), three cells showed relatively stable capacities at ∼160 mAh g −1 . When the voltage range was widened to 3.0-4.5 V (Fig. 5b) , the initial capacity increased to 175∼180 mAh g −1 , however, the capacity declined rapidly with cycle number. Acceleration in the capacity fading rate is mainly attributed to the oxygen evolution of delithiated NCM811 at high potentials, which triggers irreversible phase transition of the NCM811 material and chemical oxidation of the electrolyte solvents by the released oxygen. Since oxygen evolution at high potentials is an intrinsic nature of the layered cathode materials, it cannot be expected to be suppressed by the sulfur additive.
In line with the CV results, sulfur treatment shows significant improvement on the rate capability of Li/NCM811 cells as indicated in Fig. 6 , which were determined by charging at 0.5C to 4.3 V and discharging at specific rates to 2.8 V. At low current rate (0.1C), three cells started with nearly same capacity (171-174 mAh g −1 ). With an increase in the discharging current rate, however, the gap in capacities between the pristine and S-treated cells was gradually widened as a result of the IR polarization increasing with the current rate. For example, the capacities retained at 10C were respectively 17, 75, and 67 mAh g −1 for the pristine, 0.25% S-treated, and 0.50% S-treated cells. In another view, the rate capacity was examined by the potentostatic discharging technique, in which the cell was charged to 4.3 V and then discharged at a specific voltage for 1 h or until the current declined to 0.1C, whichever comes first. Fig. 7 compares the current-time responses of three cells recorded in potentostatically discharging at 3.8 V and 3.0 V, respectively. Discharging at 3.8 V was set up to limit the capacity within the hexagonal-monoclinic (H3-H2-M) phase transitions region of NCM811, 45, 46 whereas discharging at 3.0 V allows the cell to deliver full capacity. As observed from the inset of Fig. 7a and Fig. 7b , in both cases the 0.25% and 0.50% Streated cells have almost same peak currents, and their peak currents are more than double of the pristine cell's peak current. By comparing the areas under the current-time curve of each cell in Fig. 7a , one sees that two S-treated cells have much higher capacity than the pristine cell, suggesting that the sulfur treatment is beneficial to the H3-H2-M phase transitions of NCM811 cathode material.
In order to understand the improvement of sulfur treatment on the rate capability, AC-impedance of the Li/NCM811 cells was analyzed. Typically, impedance of the Li metal cells is contributed by the bulk resistance (R b ), surface layer resistance (R sl ), and charge-transfer resistance (R ct ), and the R sl and R ct are reflected as two semicircles in the impedance spectrum. 47, 48 Since the R sl and R ct change vastly with the cell's state-of-charge, 48 the impedance spectra at 4.3 V for the charged state and at 3.0 V for the discharged state were representatively measured and summarized in Fig. 8 . In the charged state (Fig.  8a) , the R sl and R ct in the S-treated cells are much smaller than those in the pristine cell. In the discharged state (Fig. 8b) , the R ct becomes indefinitely large so that its relative semicircle cannot be formed, however, much smaller R sl still can be observed from the S-added cells, as compared with that of the pristine cell. The above results indicate that sulfur additive greatly reduces the surface layer resistance, which consequently increases the kinetics of electrode reaction, as suggested by the significantly reduced charge-transfer resistance.
Conclusions
Layered cathode materials face two intrinsic problems of (1) oxygen evolution at high potentials or high temperatures and (2) the presence of alkaline Li residual compounds on the particle surface. Aiming to mitigate the adverse effects caused by these two intrinsic problems, we proposed elemental sulfur as a cathode additive by selecting NCM811 as an example, and demonstrated two beneficial functions of sulfur additive in the Li-ion batteries. In the coating process, the dissolved sulfur reduces transition metal ions (M 3+ ) to rocksalt phase MO that serves as a surface barrier to prevent parasitic reactions between the cathode particles and electrolyte solvents. In the initial charging process, the resultant Li 2 S 2 O 3 is electrochemically oxidized to stable Li 2 SO 4 , and meanwhile the surface Li 2 O and Li 2 CO 3 residual compounds are removed with the resultant Li 2 SO 4 being homogenously coated onto the cathode particle surface as an additional protective barrier. By dissolving 0.25% and 0.50%, respectively, of sulfur into the cathode slurry, we are able to observe that sulfur additive significantly enhances the rate capability of Li/NCM811 cells although improvement on the cycling stability is not visible. Impedance analysis reveals that the enhanced rate capability is attributed to considerable reduction in both of the surface layer resistance and chargetransfer resistance. The results of this work indicate that using sulfur 
